Abstract-We propose and analyze two easily manufacturable optimized DFB laser structures that are suitable for directly-modulated optical communication systems. These structures present high power efficiency, a good immunity to spatial hole burning and high yield. The first DFB laser structure is extremely simple to fabricate whereas the second DFB laser structure has an enhanced performance at the expense of the inclusion of a slightly more complicated grating. Previously, in order to achieve a similar performance, hardly manufacturable lasers have been proposed elsewhere.
INTRODUCTION
Optical communication systems (OCS) have earned great attention from the scientific community, due to the increasing demand for high bit-rate data links [1] . In order to ensure such high bitrates using directly-modulated (DM) lasers, the spectrum of the optical emitter should be as much stable and coherent as possible, which can be accomplished with Distributed-Feedback (DFB) lasers. Hence, there is the need to optimize DFB laser structures, to avoid the deleterious effect of spatial hole burning (SHB). Despite DFB lasers with both anti-reflection (AR) facets are immune to the undesirable effects of the phase randomness inserted during fabrication [2] , they are considered power inefficient [3] . Some complicated laser structures with high-reflectivity (HR) facets have been recently proposed [3] in order to fulfil the OCS requirements. The aim of the present paper is to introduce optimized DFB lasers that outperform the structures referred elsewhere in literature.
METHODOLOGY
The outputs of this work are the structural specifications of DFB lasers that have high figures of merit in the DM-OCS context. Such structures are defined throughout an optimization process considering the restrictions that are initially imposed, and that ultimately define the structural constraints associated with the DFB lasers that have optimal performance. Such process is carried out at threshold regime so that the computational workload can be sustained. Afterwards, in order to assess the impact of the SHB effect, it is confirmed whether these DFB laser structures also present high figures of merit above threshold regime.
In order to ensure a flawless convergence in the simulation of DFB laser characteristics at threshold and above-threshold regimes, an improved version of the Transfer-Matrix-Method (TMM) is used, which is fully described in Ref. [4] . The TMM considers that the laser cavity is divided into several sections, being each one associated with a transfer-matrix that is defined by the constancy of its structural parameters. Each transfer-matrix correlates the two counter propagating waves, E R andĒ S , between both section ends (see Fig. 1 ). The TMM oscillation conditions leads to pairs (δ, α) that are, respectively, the detuning and the gain of the oscillation modes. The figures of merit at the threshold regime are the normalized mode selectivity (S) and the flatness (F), which are defined, respectively, by [5, p. 131 and p. 128 
where L cav is the cavity length and I(z) is the normalised electric field intensity at an arbitrary position, z, given by
and I is its average value along the cavity. Besides, (α th · L cav ) is the normalised threshold gain and (α · L cav ) is the normalised gain of the main side mode. The unchanged laser parameters assumed along the paper are summarized in Ref. [5, p. 157 ].
STRUCTURES DEFINITION
The DFB structures under optimization are designated as HR-AR-DCC-DFB (see Fig. 2 ) and HR-AR-LDCC-DFB (see Fig. 3 ). They both have a left-end HR facet (r 1 = 1 · e ·ϕ 1 ) and a rightend AR facet (r 2 = 0) in order to channel all the output power to the right side. Besides, they both have a symmetric corrugation with constant period. According to Figs. 2 and 3, both DFB structures have a distributed-coupling-coefficient (DCC) profile, but the HR-AR-LDCC-DFB structure has a more elaborated DCC profile.
The HR-AR-DCC-DFB structure has only two normalized coupling coefficients, designated by k s L cav and k c L cav , and the transition occurs at the normalized boundary positions K P1 and 1 − K P1 . The HR-AR-LDCC-DFB structure has a linear transition between k s L cav and k c L cav in order to smooth the DCC profile. Such transition occurs from K P1 to K P2 and again from 1
Both structures undergo an optimization process in order to achieve the optimal values for
The optimal parameters are summarized in Tables 1 and 2 .
THRESHOLD ANALYSIS
After the definition of all the optimized structure constraints, it is possible to present its performance at threshold regime. Fig. 4(a) shows the normalized solutions for the threshold condition of the optimized structures. It is clear that there is a high mode selectivity between the main mode
Figure 2: Schematic representation of the HR-AR-DCC-DFB structure under optimization.
Figure 3: Schematic representation of the HR-AR-LDCC-DFB structure under optimization. (the one with zero detuning and lowest gain) and the secondary modes. It is also possible to see that the HR-AR-LDCC-DFB structure has a higher selectivity than HR-AR-DCC-DFB structure. Fig. 4(b) compares the distribution of the normalized electrical field in the optimized structures and the standard QWS-DFB. It is apparent that the optimized structures have a flat field distribution. These results near threshold regime are summarized in Table 3 .
YIELD ANALYSIS
Given the lack of manufacturing control over ϕ 1 , it is crucial to test its influence on the laser performance. Thus, the main figures of merit of the optimized structures were assessed for every value of ϕ 1 . For the yield analysis we have considered S, F, ∆P/∆I and SMSR av as the relevant laser figures of merit. SMSR av is calculated as the average between SMSR (I = 1.5 I th ) and SMSR (I = 5.0 I th ). The SLM yield reaches a value higher than 50% for a preset condition of S > 0.5 and F < 0.05, corresponding closely to the range ϕ 1 ∈ [0, π]. Similar yield is indicated in Ref. [3] , though for a laser associated with a rather complicated fabrication process. The results within this domain are illustrated in Figs. 5 and 6. Figure 5 (a) shows that, for ϕ 1 ∈ [0, π], both optimized structures have S higher than the required minimum value (S > 0.5) for SLM operation. Besides, it is noticeable that the HR-AR-DCC-DFB structure has an overall increase of S over the HR-AR-LDCC-DFB structure, which is more intense for ϕ 1 = π/2. Figure 5 (b) shows that, for ϕ 1 ∈ [0, π], both optimized structures have F considerably lower than the required maximum vale (F < 0.05) for SLM operation. The HR-AR-DCC-DFB structure has an overall improvement of F over the HR-AR-LDCC-DFB structure. Figures 6(a) and 6(b) show, respectively, the power efficiency and the SMSR av variations with ϕ 1 , for the optimized DFB structures. Is is noteworthy that, within the range ϕ 1 ∈ [0, π], the power efficiency is the lowest (highest) approximately where the SMSR av is the highest (lowest). Therefore, the fabrication of the optimized structures with the random facet phase ϕ 1 ∈ [0, π] will benefit either the power efficiency or the SMSR av .
ABOVE-THRESHOLD ANALYSIS
It is crucial to assess the extent of the SHB effect on the performance of the optimized lasers in the high power regime. For that, the biasing normalized current range I/I th ∈ [1, 5] is analyzed. The corresponding above-threshold results are presented and discussed.
Figure 7(a) shows the normalized spontaneous emitted spectra of the optimized lasers, greatly resembling each other. The main difference lies on the value of the emitted power associated with the main mode, thus the HR-AR-LDCC-DFB laser is expected to have a higher SMSR. DFB structure. The HR-AR-LDCC-DFB and HR-AR-DCC-DFB lasers have roughly the same P (I) characteristic, obtaining a power efficiency of about 0.33 WA −1 , which is similar to the efficiency reported in Ref. [3] for a laser that is much harder to manufacture. This figure shows that the QWS-DFB laser has a much lower power efficiency than the optimized structures. Figure 8 (b) shows a small difference (about 1 dB) between the HR-AR-LDCC-DFB laser SMSR and the HR-AR-DCC-DFB laser SMSR. These optimized structures present a much higher and more stable SMSR than the QWS-DFB laser, foreseeing its potential usage in the OCS context.
CONCLUSION
Two optimized cost-effective DFB lasers have been proposed and analyzed. Considering the compromise between easy-feasibility and high-performance, HR-AR-DCC-DFB laser is considered the most suitable for easy-feasibility whereas HR-AR-LDCC-DFB laser is considered the most suitable for high-performance, even if they are both easy to manufacture and they both present commendable results.
Both proposed structures present, simultaneously, high power efficiency (∆P/∆I ≥ 0.32 W · A −1 ), a good SHB immunity (SMSR ≥ 41 and ∆λ λ ≤ 1.3 × 10 −5 ) and high yield (≥ 50%). Therefore, the proposed structures fulfil all the requirements concerning the usage of DM-DFB lasers in the OCS context. Similar performances have been recently reported [3] but at the expense of laser structures demanding a much more intricate fabrication process than the ones associated with the laser structures proposed in this paper.
